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Abstract. The present work focuses on the production of thermal energy in University building 
greenhouses in cold climate conditions. The building model uses a system of energy and mass balance 
integral equations, which are solved by the Runge–Kutta–Felberg method with error control. This numerical 
study is about the thermal behaviour of a university building with complex topology, in winter and transient 
conditions. The thermal comfort of the occupants, using the Predicted Mean Vote index, and the indoor air 
quality, using the carbon dioxide concentration, are evaluated. This building has 319 compartments 
distributed by four floors and it is equipped with one internal greenhouse in the third floor. This greenhouse 
is located on the south facing facade and the heated air in this space will be transported to compartments 
located on the north facing façade. The spaces subject to the influence of the heated air coming from the 
greenhouse improve the level of thermal comfort of its occupants. The level of indoor air quality in occupied 
spaces is acceptable according to international standards. 
  
1 Introduction 
The use of internal greenhouses in buildings to 
reduce winter energy consumption is a passive strategy 
that has been widely used for the past 50 years. These 
passive solar heating systems can contribute to increase 
solar heat gains, reducing space heating energy demand 
and the related use of fossil fuels [1,2]. Research on the 
impact of the use of sunspaces on buildings has been 
ongoing over the years. The energy savings obtained 
with the application of these systems were analyzed in 
the works of Chiesa et al. [3], Ignjatovic et al. [4], 
Puertolas et al. [5], and Ulpiani et al. [6].  
This work uses a numerical model, developed by the 
authors over the past twenty years, which is based on a 
system of energy and mass balance integral equations 
and works under transient conditions (as example, 
please see the works of Conceição et al. [7], [8], and 
Conceição and Lúcio [9]). The building geometry is 
developed by Computing Aid Design and all equations 
will be established by the numerical software using this 
geometry. This numerical model has been used to 
evaluate the thermal comfort of occupants of buildings 
when, for example, it was applied internal greenhouses 
[10], implemented passive and active solutions [8] or 
considering solar heat gains from different orientations 
[11]. 
                                                 
* Corresponding author: econcei@ualg.pt 
The PMV (Predicted Mean Vote) and the PPD 
(Predicted Percentage of Dissatisfied) comfort indexes 
were developed by Fanger [12] to be applied in air-
conditioned interior spaces of buildings located in 
temperate climates. The ANSI/ASHRAE Standard 55 
[13] and ISO 7730 [14] use these indexes to assess the 
level of thermal comfort in the compartments of 
buildings that use air conditioning systems. The 
software used in this work calculates these indexes 
(PMV and PPD) using the indoor air temperature, 
indoor air velocity, indoor air relative humidity, clothing 
level and activity level. The evaluation of thermal 
comfort of building’s occupants obtained by this 
software can be seen, as example, in the studies of 
Conceição and Lúcio [15] and Conceição et al. [16]-
[18]. 
The concentration of carbon dioxide is normally 
used to evaluate the level of indoor air quality [19], [20]. 
The ASHRAE 62.1 standard considers that a 
concentration of the carbon dioxide below 1800 mg/m3 
indicates an acceptable level of indoor air quality [21]. 
The indoor air renovation is obtained by a ventilation 
system that uses the insufflation of the outside air in the 
compartments to be air-conditioned and the respective 
extraction of the contaminated air from these 
compartments. For more details, please see the studies 
of Conceição et al. [22]-[24]. 
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In this numerical study, a whole building dynamic 
response software, developed by the authors, is used to 
assess the implementation of a passive solar solution on 
a university building and its effect on the thermal 
comfort of the occupants. This solution is based on the 
production of thermal energy in a sunspace of the 
university building located on its south-facing facade in 
order to take advantage of its greenhouse effect and thus 
preheat the air to be distributed by the compartments 
located on its north-facing facade. The numerical study 
is made for a winter typical day and it is presented for a 
selected set of compartments. 
2 Numerical Model 
The numerical simulation was performed with 
software, developed by the authors, that simulates the 
thermal response of whole building. This software was 
validated, using school buildings, for winter conditions 
in Conceição et al. [25] and for summer conditions in 
Conceição and Lúcio [26]. 
The numerical model is founded on: 
 the balance of energy integral equations; 
 the balance of mass integral equations. 
 
The energy balance integral equations are taken for: 
 the indoor air of the compartments; 
 the transparent (windows) bodies of the 
building; 
 the interior and surroundings bodies of the 
building; 
 the opaque (walls and doors) bodies of the 
building.  
 
Several layers are considered for the opaque surfaces 
and one layer is considered for the transparent surfaces. 
The compartments surrounding boundaries surfaces are 
also considered. 
The mass balance integral equations are taken into 
consideration for the water vapour and the air 
contaminants. These equations are developed for the 
spaces of the buildings and the solid matrix (opaque and 
interior bodies). 
The resolution of the equations system is done by the 
Runge–Kutta–Felberg method with error control. 
In the system of integral equations, the numerical 
model considers the phenomena of heat transmission by 
conduction, convention and radiation, which occur in 
opaque and transparent bodies. 
In opaque bodies, the conduction inside the different 
layers, and the convention and radiation on the outer 
surfaces in contact with the external environment are 
verified. In the inner layers, the thickness and thermal 
conductivity of each layer are considered. In the layer in 
contact with the external environment, natural, forced 
and mixed convention are considered, which values are 
calculated using dimensionless coefficients for vertical, 
horizontal and inclined surfaces. On the outer surfaces 
of opaque bodies, radiative phenomena are also 
considered, namely solar radiation and heat exchanges. 
In the case of solar radiation, the software calculates 
direct and diffuse radiation on surfaces with an arbitrary 
inclination throughout the day. Therefore, on the outer 
surfaces of opaque bodies, incident, reflected and 
absorbed radiation are considered. In heat exchanges, in 
confined spaces, the view factors verified between all 
surfaces are calculated. 
In transparent bodies, in addition to the same 
conductive, convective and radiative phenomena, the 
transmission of radiation through these surfaces is also 
considered. Here two aspects have to be considered: 
calculation of the radiative properties in the glasses and 
the distribution of the radiation transmitted through the 
glasses by the different opaque surfaces inside each 
compartment. Shading phenomena are considered in all 
radiative calculations [8,11,15]. 
The numerical model uses the three-dimensional 
virtual building obtained from the Computer Aided 
Design software, in addition to generating the energy 
and mass equations system, to also calculate the area of 
the opaque and transparent surfaces, identify the thermal 
properties of these surfaces and calculate the volume of 
the compartments. 
The inputs of the numerical software are the: 
 building geometry (opaque, transparent and 
interior bodies); 
 building bodies properties; 
 outdoor air temperature; 
 outdoor air relative humidity; 
 outdoor wind direction  
 outdoor wind velocity; 
 outdoor dioxide carbon concentration; 
 occupation; 
 ventilation cycles; 
 personal parameters (clothing and activity 
levels); 
 among others. 
 
The outputs of the numerical software are the: 
 solar radiation evolution; 
 radiation heat exchange; 
 convection coefficients; 
 indoor air temperature; 
 indoor air velocity; 
 dioxide carbon concentration; 
 PMV and PPD thermal comfort indexes; 
 among others. 
3 Numerical Methodology 
The numerical study was applied in a University 
building, mainly consisting of classrooms, laboratories, 
offices and other spaces. The building is divided into 
319 spaces, distributed by four floors, and is constituted 
by 329 transparent surfaces (windows) and 3585 opaque 
surfaces (internal and external walls, doors, and others). 
The simulation was performed considering a typical 
winter day (21st December) and for a building (Figure 1) 
located in a region with a latitude of 39º North in a 
Mediterranean-type climate. 
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Figure 1. Perspective of the south view of the university building. 
 
Figure 2. Perspective of the south view of the university building with an internal greenhouse located on the third floor (magenta 
colour). 
 
Two situations were analysed: the building has no 
internal greenhouse (Figure 1) and the building has an 
internal greenhouse located on a third floor space on the 
south facing façade (Figure 2). In Figure 1, the grey 
colour is associated to opaque surfaces, blue colour is 
associated to transparent surfaces (windows), and red 
and orange colours are associated to different type of 
roofs. In Figure 2 the grey colour is associated to opaque 
surfaces, blue colour is associated to transparent 
surfaces (windows), red and orange colours are 
associated to different type of roofs and magenta colour 
is associated to horizontal the internal greenhouse space 
located on third floor. 
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For the situation without internal greenhouse, the 
airflow, in the inlet process, comes from the outside 
environment to the occupied spaces and in the outlet 
process comes from the occupied spaces to the outside 
environment. For the situation with internal greenhouse, 
the airflow, in the inlet process, comes from the 
greenhouse space to the occupied spaces and in the 
outlet process comes from the occupied spaces to the 
outside environment. In this last situation, the airflow 
topology selected is as follows in Figure 3. The heated 
airflow comes from the greenhouse (space 150), located 
south, and it is transported to the rooms (spaces 239, 
245, 274 and 276) located north. These rooms were 
chosen as representative of the results obtained. 
The selection of the airflow rate took into account 
the situation of occupation or non-occupation of spaces. 
When the spaces are occupied, the airflow rate used was 
calculated according to the Portuguese standard [27]. 
According to this standard, the ventilation rate is 
calculated according to the number of occupants n, that 
is, 0.0072n  m3/s. When spaces are not occupied, it was 
used an airflow rate of one air renewal per hour. The 
temperature of the air blown into the spaces is that 
supplied by the greenhouse. 
 
Figure 3. Circuits of the airflow to certain rooms with a 
greenhouse. 
In the numerical simulation, it was considered that 
the classrooms, laboratories and offices are occupied, in 
general, by periods of 90 minutes. The breaks 
considered between the occupation periods have a 
duration of 15 minutes. It was considered that the 
classrooms and laboratories have an occupancy of 15 
persons and the offices 2 persons. As the numerical 
simulation was performed for typical winter conditions, 
it was defined a clothing level of 1 clo [14]. The level of 
activity considered was 1.2 met [14]. 
The concentration of carbon dioxide in the outdoor 
environment is 500 mg/m3, a reference value measured 
in the region where the building is located. 
The numerical simulation evaluates the thermal 
behaviour of all compartments in the building. The input 
data related to the external environmental conditions (air 
temperature, relative humidity, wind direction and 
speed) were obtained by a weather station located in the 




In this section, the results of indoor air quality, 
evaluated by the dioxide carbon concentration, indoor 
air temperature and thermal comfort of occupants, 
evaluated by the PMV index, in the rooms are presented 
and discussed. 
The entire compartments of the building were 
simulated. However, only the results of some spaces 
located on the third floor will be presented. 
The evolution of carbon dioxide concentration is 
shown in Figure 4 in the selected spaces located on the 
north façade of the third floor, obtained for a typical 
winter day conditions. The results demonstrate that the 
level of indoor air quality in these spaces is acceptable 
according to the standard [21]. 
The evolution of air temperature is shown in Figure 
5 in the selected spaces located on the north façade of 
the third floor, obtained for a typical winter day 
conditions. In the Figure 5, it is possible to observe the 
evolution of the air temperature in the selected spaces 
(239, 245, 274 and 276) when space 150 is used as an 
internal greenhouse and when no internal greenhouse is 
used. 
 
Figure 4. Evolution of carbon dioxide concentration (CO2) 
obtained in the rooms located on the north façade of the third 
floor for a typical winter day conditions. 
 
 
Figure 5. Evolution of air temperature (Tair) obtained in the 
rooms located on the third floor and outdoor, for a typical 
winter day conditions, when there is an internal greenhouse 
(g), space 150, or not (n). 
The results show that room 150, with windows 
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13ºC, than the rooms analyzed with windows facing 
north. When room 150 operates as an internal 
greenhouse, its air temperature drops from 2º to 5ºC. 
However, it still remains, on average, 8ºC above the 
outdoor air temperature. This means that there is still 
availability of thermal energy in this space to supply 
heated air to the occupied spaces, if the airflow rate is 
increased. 
The air temperature in the occupied spaces when 
using the internal greenhouse is, on average, 3ºC higher 
than its air temperature in those when the internal 
greenhouse is not used. In this situation, part of the 
thermal energy needed to heat these spaces is provided 
by an essentially natural and low-consumption 
ventilation system that uses a passive solution to take 
advantage of the incident solar radiation. 
The evolution of PMV index is shown in Figure 6 in 
the selected spaces located on the north façade of the 
third floor, obtained for a typical winter day conditions. 
In the Figure 6, it is possible to observe the evolution of 
the PMV index in the selected spaces (239, 245, 274 and 
276) when space 150 is used as an internal greenhouse 
and when no internal greenhouse is used. 
 
Figure 6. Evolution of PMV index obtained in the rooms 
located on the third floor, for a typical winter day conditions, 
when there is an internal greenhouse (g), space 150, or not 
(n). 
When using the internal greenhouse, the results 
show that the evolution of the PMV index in occupied 
rooms improves in relation to that observed when the 
internal greenhouse is not used. In this situation, it 
appears that the level of thermal comfort is not 
acceptable due to negative values of the PMV index. 
However, these values are very close to the limit 
imposed by category C (PMV  -0.7) [14]. 
It is noted, therefore, that the spaces subject to the 
influence of the heated air from the internal greenhouse 
improve the levels of thermal comfort of the occupants. 
In the case under study, it is necessary to increase the 
airflow rate to ensure that this level of thermal comfort 
is acceptable, at least within the category C of ISO 7730 
[14]. The results also show that this can be achieved 
given the amount of thermal energy still available in the 




This article focused on the implementation of a 
passive solution for the production of thermal energy in 
an internal greenhouse located on the south-facing 
façade of a university building. The cold air from the 
outside enters this space, is heated and then distributed 
to spaces located on the north facade in order to improve 
the thermal comfort of its occupants. 
The internal greenhouse increased an average of 3ºC 
the indoor air temperature, improved the PMV index to 
values close to the acceptable level according to 
category C [14] and contribute to guarantee acceptable 
level of indoor air quality [21]. It can thus be seen that 
the use of the internal greenhouse has a positive effect 
of improving the thermal comfort of the occupants of the 
spaces analyzed. However, it is necessary to increase the 
airflow rate of the ventilation system in order to take 
advantage of the availability of existing thermal energy 
to place the level of thermal comfort, at least, within 
category C [14]. 
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